Current anticancer chemotherapy relies on a limited set of in vitro or indirect prognostic markers of tumor response to available drugs. A more accurate analysis of drug sensitivity would involve studying tumor response in vivo. To this end, we have developed an implantable device that can perform drug sensitivity testing of several anticancer agents simultaneously inside the living tumor. The device contained reservoirs that released microdoses of single agents or drug combinations into spatially distinct regions of the tumor. The local drug concentrations were chosen to be representative of concentrations achieved during systemic treatment. Local efficacy and drug concentration profiles were evaluated for each drug or drug combination on the device, and the local efficacy was confirmed to be a predictor of systemic efficacy in vivo for multiple drugs and tumor models. Currently, up to 16 individual drugs or combinations can be assessed independently, without systemic drug exposure, through minimally invasive biopsy of a small region of a single tumor. This assay takes into consideration physiologic effects that contribute to drug response by allowing drugs to interact with the living tumor in its native microenvironment. Because these effects are crucial to predicting drug response, we envision that these devices will help identify optimal drug therapy before systemic treatment is initiated and could improve drug response prediction beyond the biomarkers and in vitro and ex vivo studies used today. These devices may also be used in clinical drug development to safely gather efficacy data on new compounds before pharmacological optimization.
INTRODUCTION
The ability to predict the optimal therapy for an individual patient is a major unmet need across many diseases. In most diseases, there are no methods for predicting a patient's sensitivity to the range of available drugs. A notable exception is bacterial and fungal infections where in vitro testing is routinely performed with high clinical use (1) . There have been numerous attempts for complex diseases, such as cancer, to use combinations of in vitro and ex vivo methods to regrow cells or tissue taken from biopsies or tumor resections (2, 3) . These methods have, however, failed to gain clinical adoption. Cancer pathogenesis and therapeutic responsiveness are determined not only by genetic mutations but also by epigenetics and other environmental factors that are unique to each patient. For example, mounting evidence suggests that the tumor microenvironment contributes substantially to drug response and resistance (4) (5) (6) . These and other factors have not been accurately recreated outside of the organism.
Most drugs in clinical cancer treatment, particularly cytotoxics, have no reliable predictor of response, and patients are often treated with multiple lines of standard-of-care therapy without positive results (7) . Uninformed therapy selection is highly inefficient and may lead to reduced therapeutic success rates, increased side effects, and excessive economic expenditures (8, 9) . Patients do not have the time, and the health care system does not have the resources, to apply several rounds of ineffective therapies.
A related problem exists in the drug discovery process. Testing a drug candidate in humans requires a substantial upfront investment to develop the compound's pharmacological properties before it can be determined whether it is efficacious. Multiple large studies have shown that the dominant reason for attrition in clinical drug development is a lack of efficacy (10, 11) . All too often, vast resources are expended to optimize the delivery, bioavailability, and safety properties of a drug candidate, only to find out in larger clinical trials that the compound is not sufficiently effective in humans (12) . Collecting clinical data on the efficacy of anticancer compounds much earlier in the drug development process without risk to the patient is highly desirable.
Bringing the laboratory into the patient may be more promising than removing cells or tissues from their native environment for ex vivo functional analyses. By testing a range of relevant drugs directly inside the living tumor, the native tumor physiology would be preserved, no systemic toxicities would be encountered, and the patient would know his or her individual responsiveness to a drug or combination of drugs. To this end, we have developed an in vivo assay that consists of an implantable microscale device that is placed inside the tumor. This device contains a large number of reservoirs, each with a unique single agent or drug combination in microdose amounts (less than one millionth of a systemic dose). The device allows for rapid, parallel investigation of drug sensitivity in living tumors in only 24 hours.
Implantable drug delivery devices currently in clinical use are most commonly used for therapeutic purposes (13) (14) (15) (16) . Our fully implanted microscale device is capable of delivering precise doses of different drugs into a tumor for parallel drug efficacy assessments in vivo. Here, we describe the controlled local release of a wide range of anticancer drugs from the device into distinct regions of tumors, the precise measurement of drug release for each reservoir, and the tuning of local intratumor concentrations to systemically relevant drug levels. We also demonstrate the ability to assay drug effect locally and show that this assay has excellent predictive value for systemic efficacy for a range of anticancer drugs and tumor models.
RESULTS
Device concept, design, and implantation The prototype device was of cylindrical shape measuring 820 mm in diameter and was delivered into tumors through a biopsy needle. Here, we used devices with up to 16 reservoirs, which were located on the cylinder mantle to take maximal advantage of the interface area between the device and tumor. The device was implanted directly into the tumor during a biopsy procedure and remained in situ for~24 hours (Fig. 1A) . Drugs from each reservoir were released passively during this time into distinct regions of 200 to 300 mm of tumor tissue, effectively creating in vivo microreactors for the interaction of tumor with a specific drug.
Crosstalk between drugs from different reservoirs was eliminated by appropriate spatial separation of reservoirs and by drug and matrix formulation (Fig. 1B) . Drug compounds in pure form have inherently different transport rates, which depend on their chemical properties, including molecular size and solubility. The release properties of compounds often need to be adjusted to compare their relative efficacy at local concentrations that mimic those achieved during systemic dosing. We have developed several methods to obtain adequately sized, yet spatially separated, regions of drug distribution of~200 to 300 mm in diameter. These techniques are shown in Fig. 1B and included altering the size of the reservoir opening; formulating or embedding compounds in polymer [poly(ethylene glycol) (PEG)] matrices to control their intratumor diffusion properties; or, for difficult-to-dissolve compounds, using hydrophilic expansive polymers to eject drug from reservoirs into the adjacent region of tissue. In the latter, a hydrogel expanded upon contact with fluid in the tumor, which increased the contact area and pressure between drug and tissue.
Implantation of devices into animal tumors was highly reproducible, with greater than 95% of devices (n > 50) successfully placed in their entirety into tumor tissue, including in tumors that were 5 mm in diameter. Placement was typically chosen closer to the periphery of tumors to avoid the necrotic core that may be present.
The devices used in this study were radiopaque and could be visualized effectively by standard ultrasound and computed tomography (CT) imaging ( fig. S2 ). Visualization of individual reservoirs was achieved in some cases. No device migration was noticed during the implantation period of 1 to 2 days. Retrieval of devices from mouse tumors was performed with success rates >90% (n > 30) and failed only when biopsy gun was improperly aligned with device axis.
Release of drugs from the device into spatially distinct regions of the tumor Figure 2A shows release of common chemotherapeutic drugs doxorubicin, sunitinib, lapatinib, and the antibody cetuximab from miniature multireservoir devices, identified using immunofluorescence. Dasatinib and gemcitabine were detected in the reservoir region using mass spectrometry (Fig.  2B ). Adequate spatial separation of reservoirs ensured that adjacent drugs did not overlap (Fig. 2C ).
Combinations of two or more drugs could be delivered to a given region of tumor to assay their combined in vivo effect on the tumor. Simultaneous exposure to a set of drugs was achieved by loading compounds into the same reservoir, as shown for doxorubicin and lapatinib (Fig. 2D) . Alternatively, one can examine the effect of staggering exposure to multiple drugs in a time-dependent manner, which has previously been shown to have a potentially Fig. 1 . In vivo drug sensitivity assay. (A) The device is implanted by needle directly into tissue, and drugs diffuse from device reservoirs into confined regions of tumor. Each region is assayed independently to assess the tumor-specific response to a given drug, such as apoptosis or growth arrest. A second biopsy needle selectively retrieves a small column of tissue that immediately surrounds and includes the device. This tissue contains the regions of drug diffusion and is used for determination of drug efficacy. (B) Three methods for precise control over the release profile of a given drug are demonstrated: reservoir opening size affects the rate of transport; the formulation of a drug in a polymer matrix (for example, PEG slows release of sunitinib versus free doxorubicin); and hydrophilic expansive hydrogels (to achieve rapid tissue uptake of highly insoluble drugs, such as lapatinib). Scale bars, 300 mm. marked effect on efficacy (17) . An overlapping region was created in a confined tumor region when first primed with one agent (in this case, doxorubicin) followed by application of a second agent (sunitinib) (Fig. 2E) . Drug release occurred upon implantation in a time-dependent manner, with drug distributing over larger regions while still remaining separate from adjacent reservoirs even at longer time points (Figs. 2F and 3A) .
Tuning of device-based doxorubicin release to intratumor concentrations from systemic dosing The action of chemotherapeutic drugs is often concentration-dependent. When inferring sensitivity of a tumor to a given device-delivered drug, it is critical that the local concentration of drug from a reservoir matches levels that are reached in the tumor after systemic dosing. The widely used anticancer drug doxorubicin was used as a model compound to test drug sensitivity in this manner. Reservoirs loaded with pure doxorubicin were placed in a BT474 (human breast carcinoma) xenografted tumor. Drug was released immediately into tumor tissue upon device implantation, resulting in a steep gradient of drug concentration, shown at three time points in Fig. 3A and as a cross section at 20 hours in Fig. 3B . At distances 0 to 130 mm (Fig. 3B, red region) , drug levels werẽ 15 to 20 mg/kg; in the green region (~130 to 200 mm), drug was present at 8 to 13 mg/kg; whereas in the blue region (~200 to 300 mm), drug levels ranged from 3 to 7 mg/kg. (Tissue drug concentration calibration is described in Materials and Methods.) The concentration of doxorubicin in tissue can be lowered by diluting the drug in a polymer matrix (Fig. 3C) .
We administered doxorubicin systemically at 8 mg/kg in a separate cohort of animals. The resulting intratumor drug distribution was measured to provide a calibration for appropriate local drug release from devices. A typical tumor section is shown in Fig. 3D . Drug distribution was heterogeneous, with patches of high-concentration (8 to 13 mg/kg) and low-concentration doxorubicin (3 to 7 mg/kg). Figure 3E directly compares profiles of device (black, red) and systemically dosed tumor (blue) sections. Reservoirs with pure drug (Fig. 3B ) had high drug concentrations in the region 0 to 125 mm from the device-tissue interface, whereas the region 125 to 300 mm represented the range of drug concentrations present when dosing systemically. In the reservoirs with drug diluted in polymer (Fig. 3C) , the tissue concentration of the drug was consistently lower and the slope of the drug concentration gradient was reduced compared with reservoirs with pure drug, such that regions within 0 to 200 mm from the device-tissue interface had local drug concentrations similar to those achieved by systemic dosing (Fig. 3 
, E and F).
Tissue analysis to inform in vivo drug efficacy and pharmacodynamics Identifying the minimum intratumor drug levels required for apoptosis induction may be useful for understanding potency of compounds during first-in-man efficacy studies in drug development or in the clinic for determining dosages during chemotherapy. Apoptosis-inducing effects (as seen by CC3) of drugs released from reservoirs were observed in tumor regions that were exposed to doxorubicin up to 320 mm from the reservoir in the doxorubicin-sensitive A375 tumor (Fig. 3G ). This indicates that apoptosis levels rose substantially above background at intratumor concentrations of at least~4 mg/kg in this tumor model. The dose dependence of the apoptotic effect of drugs can be investigated by varying the amount of drug that is released from reservoirs into adjacent tumor tissue. We varied formulation and dilution of doxorubicin in reservoirs, which led to a corresponding nonlinear reduction in apoptosis (Fig. 3 , G to I). This change in drug effect stems from the different drug levels that are measured for each of the corresponding conditions (Fig. 3F) .
Intratumor pharmacodynamic action of doxorubicin over different time points was also tested. Induction of apoptosis was observed in a small subset of cells after 8 hours of drug exposure ( from the reservoir no longer expressed CC3 and exhibited the characteristics of post-apoptotic cellular disruption, marked by the absence of cellular morphology and nuclear staining (Fig. 4 , A and B). This region contained the cells with the longest exposure to doxorubicin. In the A375 tumor ( Fig. 4A) , application of doxorubicin for 14 hours led to apoptosis of nearly all cells within 250 mm, which corresponds to local concentrations above 4 mg/kg (Fig. 3E ). Histological artifacts were limited to mechanical damage to the tissue caused by the needle insertion and were present within the nearest 20 to 30 mm of the reservoirtissue interface in under 20% of samples, but did not affect the ability to analyze a given section. No observable adverse effects, such as a reduction in animal body score (18) , owing to device implantation or incubation were observed.
Insight into the pharmacodynamic action of drugs can be gained by simultaneously analyzing multiple biomarkers. The apoptotic effect of doxorubicin in BT474 tumors, seen in Fig. 4A , was corroborated by multiparameter immunohistochemistry (IHC) (Ki67, pH2AX), demonstrating concordant growth arrest and DNA damage ( fig. S3 ). Figure 4B shows adjacent tissue sections from a doxorubicin reservoir implanted for 20 hours. At distances 100 to 200 mm, corresponding to local drug concentrations equivalent to 8 to 12 mg/kg, a subset of cells underwent apoptosis (CC3 + ), no cells were proliferating (Ki67), and some cells still expressed survivin, a protein inhibitor of apoptosis. At greater distances of 200 to 300 mm, corresponding to local concentration of doxorubicin (4 to 8 mg/kg), only small numbers of cells were undergoing apoptosis and growth arrest, whereas most expressed survivin (Fig. 4B) . On the basis of these data, in this BT474 tumor, higher concentrations of doxorubicin or, alternatively, the addition of another drug to treatment may be required to achieve more durable antitumor effects.
Assay reproducibility and heterogeneity of drug response across multiple regions in a single tumor Tumor heterogeneity at the genetic and phenotypic level is an increasingly important consideration in understanding tumor evolution and resistance to drug treatment (19) (20) (21) . Six devices with identically loaded drug reservoirs (n = 16) were implanted into multiple tumor locations to assess how drug response varied within a single tumor. Local drug exposure during systemic dosing cannot be precisely known over time owing to a heterogeneous drug distribution across the tumor (22, 23) (Fig. 3D) . The release of drug from the device, however, is highly controlled and consistent in exposing tumor to drug (Fig. 3A) .
Clinically, the confounding effect of tumor heterogeneity, which affects virtually all diagnostics, can be reduced in such a way by using replicates of identically loaded reservoirs on different locations of the device or by implanting multiple identical devices into the same tumor. Sixteen identically loaded reservoirs, each separated from the nearest neighbor by at least 700 mm (Fig. 4C) , released doxorubicin microdoses into a human melanoma (A375) xenografted tumor, in both core and peripheral regions. Local efficacy, measured by CC3 expression, was similar across reservoirs except at reservoirs 15 and 16, which are closest to the core of the tumor (Fig. 4C) . Regions of tumor that were closer to the core showed a higher incidence of necrotic areas compared to regions near the periphery (panels 13 to 16 in Fig. 4C ).
Local microdose response as a predictor of systemic response to drug Doxorubicin (Adriamycin) is an anthracycline drug that attacks tumor cells by intercalating DNA, leading to apoptosis. It is used in many types of cancer as first-or second-line chemotherapy, but its use is accompanied by serious side effects, including heart damage (24, 25) . No clinical test currently exists to predict patients' antitumor response to doxorubicin. Such a test may help avoid the serious side effects and shortened treatment window associated with a potentially ineffective doxorubicin treatment. We chose three widely used, established mouse models of human cancer-A375 melanoma, BT474 breast, and PC3 prostate-to test whether the device-based intratumor (local) response to doxorubicin can serve as a predictor of systemic efficacy.
Cross sections of tumors containing reservoirs were evaluated for CC3 expression. The percentage of cells in a given region that express CC3 is termed the apoptotic index (AI). A375 cells show the highest apoptotic response to doxorubicin (AI = 55%), BT474 intermediate (AI = 18%), and PC3 the lowest (AI = 8%) (Fig. 5A) , corroborating reports that A375 is highly sensitive to doxorubicin [median inhibitory concentration (IC 50 ) = 9.2 nM], BT474 is moderately sensitive (IC 50 = 779 nM), and PC3 is insensitive (IC 50 = 957 nM) (26, 27) .
We treated a separate cohort of animals systemically with doxorubicin to confirm these findings. The intratumor apoptotic response was measured from multiple random slices of excised tumors 24 hours after dosing. In PC3 and A375 tumors, local apoptosis levels followed systemic dosing, with significantly higher tumor response in animals harboring human A375 (AI = 34.9%) versus PC3 (8.7%) (Fig. 5B) . Variability in tumor response, as measured by coefficient of variation (CV), was greater in systemic (CV = 43%) than in device sections (CV = 18%).
Device validation with multiple drugs and tumor models
We tested the ability of our device assay to predict response of several widely used tumor models to other cytotoxic and targeted anticancer agents. Vemurafenib is an enzyme inhibitor that specifically targets the BRAF V600E mutation, which is present in A375 tumors, but not in PC3 tumors (26) . Response to device-delivered vemurafenib, as measured by intratumor apoptosis, was significantly higher in animals harboring A375 tumors versus PC3 tumors (Fig. 6A) .
Gemcitabine, an inhibitor of DNA synthesis, demonstrated significantly greater apoptotic response from MDA-MB-231 (AI = 21.8%) versus BT474 (AI = 3.7%) tumors (Fig. 6B ), in accordance with one published study (26) . Topotecan, a topoisomerase inhibitor and a derivative of camptothecin that is frequently used in lung, cervical, and ovarian cancers, demonstrated the greatest effect on PC3 tumors (AI = 9.3%) and a significantly lower response in BT474 (2.6%) models (Fig. 6C ), in accordance with (26) .
Investigation of synergistic effects of combination therapy
Combining cytotoxic with targeted agents as a method for overcoming drug resistance is a promising clinical strategy even in tumors that show only slightly elevated levels of inhibitory targets (17, 28, 29) . Our device could be used to predict which combinations are effective. We tested whether addition of the multikinase inhibitor sunitinib or the dual epidermal growth factor receptor (EGFR)/human EGFR-2 (HER2) inhibitor lapatinib to reservoirs already loaded with doxorubicin would exhibit an increase in apoptosis, as has been reported versus treatment with doxorubicin alone (28) (29) (30) . The apoptotic response in MDA-MB-231 (human triple-negative breast) tumors, as tested by the device, was significantly elevated to 17.5% from 7.4% by the addition of lapatinib to doxorubicin in reservoirs (Fig. 6D) . In BT474, addition of sunitinib to doxorubicin reservoirs leads to a moderate increase in apoptotic response, whereas lapatinib addition to doxorubicin led to a significant increase in local apoptosis (Fig. 6E) , as expected, given the BT474 model's HER2-positive status.
Device analysis of drug sensitivities in patient-derived model of triple-negative breast cancer Triple-negative breast cancer (TNBC) is an indication with very poor prognosis in patients, which is usually treated with a range of drugs that include several cytotoxic agents for which no predictive biomarker exists (31, 32) . We used a primary patient-derived xenograft of TNBC to demonstrate the potential value of our implantable device in this indication. This mouse model of human cancer was characterized by slight EGFR amplification and PTEN loss, and high Ki67 expression (33) , and was obtained from a patient that had been treated with an EGFR inhibitor and then relapsed. Such a model, transferred only as tissue, is considered to be one of the best available approximations of human tumors in animals with regard to tumor structure and heterogeneity. Device microdose testing revealed a wide range of intratumor efficacies, with highest sensitivities to paclitaxel in this tumor (AI = 54%), followed by doxorubicin (36%), cisplatin (25%), gemcitabine (12%), and lapatinib (4%) (Fig. 7) . We performed systemic dosing studies with the same set of drugs delivered at the same proportions to corroborate these sensitivity findings. The relative orders of sensitivities of these drugs were identical to those observed in local device studies (Fig. 7) , indicating a fundamental difference in drug sensitivity that is not dependent on route of administration; however, the extent of response to drug differed between device and systemic administration (for example, AI of 54% for the device versus 25% systemically for paclitaxel). These overall lower levels in systemic studies might be due to heterogeneity of drug distribution throughout the tumor, with regions of tissue not receiving drug at levels sufficient for inducing apoptosis. The very weak response to lapatinib may be explained by the patient's relapse after treatment with an EGFR inhibitor. These measurements provide a proof of principle of how local microdose testing reflects the overall tumor responsiveness to intravenously administered drugs, and could therefore be used to discover inherent drug sensitivities in the tumor and as a predictive biomarker in TNBC.
DISCUSSION
Implantable devices have been demonstrated to deliver exact quantities of drugs to different regions of the body for therapeutic purposes (13) (14) (15) (16) 34) . This study presents one such device that delivers precise quantities of a microdose of about one millionth of the systemic dose of a drug into confined regions of tumor in the living organism and allows for diagnostic assessment of each drug effect. Because of the miniscule doses that are used, one can obtain in vivo efficacy data on a range of compounds without the side effects that are associated with most systemic therapies. Our method enabled selective removal of device, drug, and affected tissue in a minimally invasive manner, using a standard biopsy needle, which fits into the clinical treatment paradigm. The major advantage of our device over existing ones is the ability to deliver many different drugs or drug combinations (up to 16) into distinct regions of tumor, without overlap between adjacent reservoirs, so that each drug effect can be observed in isolation, but all within the native tumor microenvironment.
Our data suggest that the local drug activity readout obtained from releasing drugs into confined tumor regions at clinically relevant doses may be used as a prognostic marker of drug sensitivity of tumors. In a patient-derived xenograft model of TNBC, tissue apoptotic response to five different drugs mirrored that observed when delivered systemically to the same model, possibly even reflecting the patient's resistance to EGFR inhibitor. Larger-scale in vivo screens for candidate compounds could therefore be performed more efficiently on such tumor models that are limited in scalability.
In addition, the precise and tunable pharmacokinetic parameters of drug release from the device may offer new insight into exact intratumor pharmacodynamics, especially when coupled with analysis of the local tumor microenvironment and biomarkers. For instance, knowledge of the minimum dose and length of treatment to elicit a certain level of tumor response, such as shown in Fig. 4 (A and B) , may be used to enable optimization of experimental time points or effective staggering of treatments. Clinically, it may be used to optimally reduce drug doses given to patients without compromising treatment efficacy. Obtaining such data for multiple drugs on a previously untreated tumorfor example, in the neoadjuvant setting-is not possible with traditional systemic dosing assays and is difficult even for single agents when dosing systemically owing to the heterogeneity of drug distribution, which can cause nearby tumor regions within 100 mm to have vastly different local drug concentrations, as shown in Fig. 3D . Such an assay can also be effectively combined with existing tumor genomic testing (35) (36) (37) . The most likely risk factor associated with use of the device in humans is adverse events from biopsy procedures. Device implantation may be coordinated with an already scheduled small-needle biopsy. The retrieval of the device after the incubation period currently requires an additional biopsy procedure. Such biopsies are performed routinely in many indications, for example, breast cancer, with excellent safety record. Applicability of the device assay may be limited in other organs, most notably in intrathoracic cancers (38) .
We observed that measurements of AI from device reservoirs were generally higher than from systemic dosing, and variability was reduced in the device, presumably because drug distribution is more heterogeneous in systemically dosed tumors (39) . Although the sensitivity of the tumor to certain drugs may be inferred from device measurements, it is unlikely that a precise value of AI for systemically dosed tumors can always be predicted from device AI measurements.
Tumor heterogeneity is a potential problem associated with virtually all cancer diagnostics and is thought to be greater in human tumors than xenografts (19, (40) (41) (42) . Our device assay seeks to address tumor heterogeneity at the cellular and regional levels. At the cellular level, a given tumor/ device section contains hundreds of cells from a given reservoir that have been exposed to a specific drug (thousands of cells if using serial sections). Analysis of AI for one drug reservoir integrates over all the genetically distinct cell types that are present in this tumor region. At the regional level, one strategy to both study and mitigate the potentially varying efficacy of drugs across different regions of tumor is to have identically loaded reservoirs on multiple locations on the device or, additionally, to have multiple devices (with replicates of reservoirs) implanted into the tumor. Fiducial imaging markers, which are widely used in breast, prostate, and various other cancers, may provide a precedent for such procedures (43, 44) . We demonstrated that a consistent readout can be obtained from replicates of 16 identically loaded reservoirs in the same tumor. The impact of heterogeneity on device readout may be reduced by choosing the neoadjuvant setting as an initial area of clinical application. The neoadjuvant setting is often considered by physicians to be the time in treatment when the tumor may be most homogeneous (45) .
Future improvements to the device may include a greater number of reservoirs or further miniaturization and integrated tissue retrieval methods to reduce the needle size that is required, thus increasing the assay's applicability to more organs and tumor types. Clinical care arguably holds the greatest transformative potential for this assay. TNBC, for example, requires various combinations of several cytotoxic drugs that are usually chosen empirically by trial and error. No robust biomarkers exist for these highly toxic therapies, but the described device could provide a phenotypic readout of in vivo drug efficacy that could be used to prioritize given drugs for treatment. The broader paradigm of testing tiny amounts of therapies for in vivo response in an individual patient rapidly and nonsystemically, and using the local efficacy for selecting the optimal therapy, may also be applicable to diseases beyond cancer.
It remains to be seen how the predictive ability of the described device approach translates to use in humans. A pervasive problem in clinical drug development is that vast resources are expended to develop a drug candidate's bioavailability, safety, and stability before its efficacy can be tested, or therapeutic target validated, in humans (46, 47) . This requirement for human testing contributes to the high failure rate and costs in cancer drug development (48, 49) . Obtaining early efficacy data in humans in a safe manner, without systemic effects, could allow drug developers to focus the considerable resources required for pharmacological optimization and full clinical development only on the most promising drug candidates and in the optimal patient population. Recent regulatory developments may be favorable for such studies. Several U.S. Food and Drug Administration (FDA) initiatives seek to streamline the incorporation of novel biomarkers into clinical trials (47, 50) , for example, in adaptive trials (51) . The use of microdosing is also viewed favorably by the FDA (52, 53) . Furthermore, the FDA has proposed to revise standards for investigational devices in early feasibility studies (54) . Together, these developments may help pave a feasible path for incorporating microdose phenotypic efficacy data, as measured by our device assay, into clinical drug development and decision-making.
MATERIALS AND METHODS

Study design
The objectives of the studies were to show biological response to release of drugs from an implanted microdosing device and to test whether this response was different between different tumor types, drugs, and delivery methods in animals. Sample sizes were chosen to demonstrate statistical significance by Student's t test between biologically distinct conditions or outcomes. Tissue sections were scored by an ImageJ image analysis algorithm in a blinded manner. Only biological replicates were used in data analysis. Average values and SDs are from 10 to 24 samples, as indicated in each figure legend. At most, two biological replicates were from the same device at distant reservoir sites (excluding Fig. 4C ). Data from tissue sections were only excluded in the rare event that the tissue section was damaged during retrieval or was found to be entirely necrotic by IHC.
Device manufacturing and loading Cylindrical, microscale devices with 820 mm (diameter) × 3 mm (length) were manufactured from medical-grade Delrin acetal resin blocks (DuPont) by micromachining (CNC Micro Machining Center, Cameron). This material was selected for its combination of structural rigidity, machinability, and biocompatibility (compliance to ISO 10993-1 and USP Class IV). Circular reservoirs (3 to 30 per device) were shaped on the outer surface of devices in dimensions ranging from 150 to 350 mm (diameter) × 150 to 250 mm (depth). Adjacent reservoirs were positioned 400 to 750 mm apart to prevent the intersection of compounds in tissue. All drugs were purchased in powder form (Selleckchem) and stored according to the manufacturer's instructions. Cetuximab labeled with Alexa 488 was given by K. D. Wittrup (Massachusetts Institute of Technology). For doses with specific concentrations, compounds in the appropriate amounts were added to PEG-1000 or PEG-1450 (Alfa Aesar) and vortexed for 5 min above its melting point (37°C). For insoluble drugs, a mixture of drug, PEG, and an organic solvent (ethanol or acetone) was heated to~45°C until completely dissolved (table S1) . The solution was placed on a rotary evaporator (Yamato Scientific) for 30 to 40 min at below respective vapor pressures to completely evaporate the solvent, leaving a homogeneous mixture of drug and PEG. Pure powders and concentrations in PEG were packed in solid form into device reservoirs using a tapered, metal needle (Electron Microscopy Sciences) until the reservoirs were completely filled. Before implantation, the devices were rotated on adhesive tape to remove excess compounds on the exterior of the device.
Device implantation
Mice were briefly anesthetized during implantation with 1 to 3% isoflurane. A 19-gauge spinal biopsy needle (Angiotech) containing an inner stylet and outer cannula was inserted into the tumor at a precise depth beyond the length of the device to be introduced. As the cannula remained secured in the tissue, the stylet was retracted and the device was placed into the orifice at the back of the needle. The stylet was then reinserted into the cannula to move the device down the length of the needle and into the tissue. The site of insertion was marked with surgical dye to maintain the correct orientation for tissue processing after tumor dissection.
Device removal
To determine antineoplastic effect for each treatment being evaluated, a small region of tissue was removed at 24 hours from the tumor and analyzed by IHC. Device removal was accomplished by using a larger coring biopsy needle (Cassi Beacon, Scion Medical Technologies), which was inserted into the tumor and positioned concentric to the device using ultrasound imaging. The coring needle protruded over and beyond the device, capturing the device itself and a cylindrical column of tissue 1.6 mm thick and 4 to 5 mm long, including~400-mm thickness radially outward from the device along its entire length. This represented nearly the entire region of drug distribution over the incubation period of 1 to 2 days ( fig. S1 ) and was thus sufficient for examining drug effect without residual drug remaining in the tumor.
Imaging of drug compounds in tissue
The autofluorescent compounds-doxorubicin, lapatinib, and sunitinibwere detectable and quantifiable in tissue sections by fluorescence microscopy. Devices with reservoirs containing these drugs were inserted into tumors for 12 to 48 hours to analyze drug release into tissue. Frozen sections (15 to 25 mm) were cryosectioned (CM1950 cryostat, Leica) from optimal cutting temperature (OCT) blocks at the cross section of drug-containing reservoirs at an angle perpendicular to the device, and imaged using an EVOS FL Cell Imaging System (Advanced Microscopy Group). Doxorubicin was visualized using a 531-nm excitation and 593-nm emission red fluorescent protein filter; lapatinib was visualized using a 357-nm excitation and 447-nm emission 4′,6-diamidino-2-phenylindole filter; sunitinib and cetuximab-Alexa 488 were visualized using a 470-nm excitation and 525-nm emission green fluorescent protein filter. For nonfluorescent drugs gemcitabine and paclitaxel, drug distribution was imaged in tumor sections by matrix-assisted laser desorption/ionization (MALDI) mass spectrometry on a Bruker solariX 12T FTMS with Helix cell instrument. Images were obtained at 50-mm resolution. Before imaging, tumors were frozen and cryosectioned at 20 mm and thaw-mounted on glass slides. Slides were coated with a-cyano-4-hydroxycinnamic acid matrix in a Bruker ImagePrep coating instrument before MALDI imaging.
Diffusion profiles of the fluorescent compounds in tissue were generated using ImageJ Plot Profile with a line starting from the center of the device, crossing through the middle of a reservoir, and passing into the region of tissue containing drug. Profiles were averaged across multiple sections.
Drug dosing calibrations
Small pieces of excised fresh tumors were weighed and then placed into a well with 600 ml of doxorubicin (10 or 30 mg/kg) in phosphatebuffered saline for 72 hours [protocol extracted from (55) ]. The tumors were removed from solution and prepared for frozen sectioning as described in the previous section. Doxorubicin concentration remaining in the wells was measured with a plate reader, and the value was subtracted from the control wells to calculate the concentration of doxorubicin in the tumor tissue.
Systemic dosing studies
For studies testing intratumor effect or drug concentration of systemically treated mice, animals were dosed with doxorubicin (8 mg/kg) by tail vein injection. At 6 hours, a subset of tumors were harvested, fixed, and processed exactly as for device studies. Concentration of doxorubicin in tumor tissue was measured exactly as for device-based studies. At 24 hours, a subset of tumors was harvested for IHC studies to assess drug effect. These tumors were processed, sliced, and stained exactly as for device-based studies. For Fig. 5B , CC3 expression by IHC was scored using the same ImageJ algorithm described below.
Statistical analysis AI was calculated as % CC3
+ cells/total cells within 300 mm from reservoirtissue interface for device sections. For systemic studies, AI = % CC3 + cells/ total cells for the entire tumor section. All error bars represent 1 SD. CV is defined as SD divided by mean. Significance tests and P values were calculated using Student's t test, using normal-based 95% confidence intervals. Two-sided testing was used. The data sets were verified to be normally distributed.
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